The alterations in local glucose utilization and local blood flow in 36 discrete regions of the central nervous system (CNS) that occur following the intravenous administration of the putative dopaminergic agonist, apomor
phine (0,5 mg/kg), have been measured using the quantitative autoradiographic 14C-2-deoxyglucose and 14C-iodoantipyrine techniques, In eight of the regions examined (frontal and sensory-motor cortices, ventral thalamus, caudate nu cleus, globus pallidus, substantia nigra, subthalamic nucleus, and posterior cerebellar hemisphere), significant elevations of local cerebral blood flow (CBF) were observed following apomorphine administration. In these eight regions, proportionately similar, significant elevations in local glucose utiliza tion were observed following apomorphine. In two of the regions investigated (anterior cingulate cortex and lateral habenular nucleus), significant reductions in both local blood flow and glucose utilization were observed following apomorphine administration. In the majority of regions examined (26 of the total 36), apomorphine did not alter significantly either blood flow or glucose use. Using a statistical approach, described in detail in an appendix, the re lationship between local rates of glucose utilization and local levels of tissue blood flow was analyzed. A relationship between local CBF and local glucose utilization was found following apomorphine, and the nature of this relation ship was indistinguishable from that observed in control animals. In no region of the CNS was a significant deviation from the normal CBF -glucose use relationship demonstrated following apomorphine administration. These re sults point to the greater importance of the effects of apomorphine upon tissue metabolic activity, rather than its direct vascular action, as being the major mechanism underlying the observed alterations in local CBF. The statistical methods provide a rigorous analytical approach to the analysis of alterations in the relationship, both locally and globally, of blood supply to glucose utiliza tion. Key Words: Deoxyglucose-Dopaminergic mechanisms-Iodoanti pyrine-Statistical analysis.
nisms by which these changes in cerebral tissue perfusion are achieved have not been clearly estab lished. Dopaminergic agonists (such as apomor phine) interact with specific dopaminergic receptors that have been identified on cerebrovascular smooth muscle in vitro and in situ (Toda, 1976; Ed vinsson et ai., 197&l,b) , and this direct action upon the cerebral vasculature has been proposed to ac count for the changes in CBF that have been re ported following the administration of dopamine and apomorphine (von Essen, 1974; von Essen and Roos, 1974) . However, the administration of dopaminergic agonists (such as amphetamine, apomorphine, and piribedil) results in an increase in cerebral oxygen consumption, and the concomitant increases in CBF that are observed with these agents have been suggested to be a consequence of the increased metabolic demand (McCulloch and Harper, 1977a,b; McCulloch and Edvinsson, 1980) . The failure to resolve which of these mechanisms is principally responsible for the alterations in CBF may be attributed to a number of major limitations inherent in the previous investigations: for example, inadequate assessment of the precise magnitude of the metabolic alterations in the same volume of tis sue in which the circulatory changes are being mea sured, the failure to consider fully the influence of general anesthesia upon the circulatory and meta bolic responses, and, finally, minimal exploration of regional heterogeneity in the circulatory and meta bolic alterations following the pharmacological manipulations.
The advent of the quantitative autoradiographic 2-deoxyglucose method of determining local cere bral glucose utilization (Sokoloff et ai., 1977) , to gether with the complementary autoradiographic technique for measuring local CBF (Sakurada et ai., 1978) , has provided the technical capacity for rigor ous investigation of the relationship between blood supply and metabolic demand in all neuroanatomi cal components of the CNS of conscious animals. In the present study, we have employed these two autoradiographically based techniques to examine the effects in conscious rats of the dopaminergic agonist, apomorphine, upon local blood flow and local glucose utilization in 36 anatomically discrete regions of the central nervous system (CNS).
METHODS
The experiments were performed on 22 male Sprague-Dawley rats, each weighing 350 g. Cathe-J Cereb Blood Flow Metabol, Vol. 2, No.4, 1982 ters were introduced into both femoral arteries (to allow the continuous monitoring of mean arterial pressure and the sampling of arterial blood) and one femoral vein (for administration of the radioisotopic tracer) during a brief period (approximately 30 min) of light halothane (1 %) anesthesia. The animals were restrained by means of a loose fitting plaster cast around the lower abdomen. The anesthetic gas mixture was discontinued and at least 2 h allowed to elapse before any further manipulations were per formed.
Local Cerebral Glucose Utilization
A detailed description of the theory and proce dures for measuring local rates of glucose utilization using 14C-deoxyglucose has been published previ ously (Sokoloff et aI., 1977) , and the present ex periments were conducted in general accordance with this published description. Briefly, the mea surement was initiated 10 min after the administra tion of apomorphine (0.5 mg/kg, i.v., over 30 s), by the intravenous administration of 14C-2-deoxyglu cose (125 ,uCi/kg). Fourteen timed samples of arteri al blood flow were obtained over the succeeding 45 min. The plasma was prepared by immediate cen trifugation and assessed for glucose (with an auto mated Beckman Analyzer using a glucose oxidase method) and 14C levels (by liquid scintillation count ing). At the end of the 45-min sampling period, the rats were killed by decapitation and the brains re moved and frozen in isopentane (-45°C). The brains were then sectioned in a cryostat ( -22°C) and auto radiograms prepared from these sections (approxi mately 250 for each animal) with Kodak SB-5 x-ray film. To permit quantification, a series of nine pre calibrated epoxy resin standards (concentration range, 44-1175 nCi/g) were processed with each x-ray film.
Local Cerebral Blood Flow
The autoradiographic technique for assessing local CBF by employing 14C-iodoantipyrine as a tracer has been described in detail previously (Sakurada et ai. , 1978) , and the present experiments were conducted in general accordance with this published description. Briefly, an intravenous infu sion of 14C-iodoantipyrine (125 ,uCi/kg), at an in creasing rate, was initiated 20 min after the admin istration of apomorphine (0.5 mg/kg, i.v.) and, over the succeeding 60 s, 15-18 timed samples of arterial blood were collected in pre weighed filter paper discs from a free-flowing femoral arterial catheter. The discs were reweighed and the 14C concentration of each assayed by liquid scintillation counting. Sixty seconds after the start of the radioisotopic infusion, the rat was decapitated, the brain rapidly removed, and autoradiograms prepared from cryostat sections in the same manner as for the measurements of local glucose utilization.
Densitometric Analysis of Autoradiograms
Tissue 14C concentrations were determined by means of a computer-based densitometer system (Quantimet, Cambridge Instruments, U.K.) by reference to the nine precalibrated epoxy resin standards. For each region, in both series of ex periments, bilateral determinations of optical den sity were made on six different autoradiographic images that contained the region, and the mean op tical density of these 12 observations was used to calculate 14C tissue concentration. The neuroana tomical criteria used to locate the region as well as the densitometric procedures (such as area of mea surement, etc.) were identical in investigations of both blood flow and glucose utilization.
Calculations and Statistical Analysis
Local cerebral glucose utilization was calculated using the operational equation (Sokoloff et al., 1977) from (a) 14C concentrations in cerebral tissue and (b) the arterial plasma 14C and glucose histories. The kinetic rate constants and lumped constant used in the calculation of glucose utilization were the mean value described by Sokoloff et al. (1977) for nor moglycemic, albino rats. Local CBF was calculated from (a) the time course of 14C-iodoantipyrine in Data are presented as mean ± SEM for 6 animals (saline) or 5 animals (apomorphine). Apomorphine (0.5 mg/kg) was ad ministered 15 min prior to the measurements. arterial blood and (b) 14C concentration in cerebral tissue, using the equation derived originally by Kety (195 1) as described by Sakurada et al. (1978) . The cerebral tissue:blood partition coefficient for iodoantipyrine employed was 0.8 (Sakurada et al., 1978) .
Statistical comparison between animals receiving saline and those receiving apomorphine was made using Student's t test for ungrouped data. A detailed description of the analytical procedure for examin ing the relationship between local glucose use and local blood flow is provided in the Appendix.
RESULTS

Behavior and Physiological Variables
The administration of apomorphine (0.5 mg/kg) was associated with a number of behavioral and cardiovascular alterations. The behavioral response was characterized by initial movements of the head and upper portion of the body and by sniffing and licking at surrounding lead bricks, and this be havioral pattern was progressively replaced by one consisting of protracted biting and gnawing at the supporting lead brick. The latter response persisted for the duration of the experimental period. Apomorphine administration resulted in an immedi ate, transient (less than 60 s), moderate hypotension (mean arterial pressure reduced by 25%) accom panied by bradycardia. Blood pressure and heart rate rapidly returned to pre-apomorphine levels as the behavioral alterations began to manifest them selves. Apomorphine administration produced an initial period of hyperventilation that subsided pro gressively such that, at the time of measurement, the respiratory status in saline-treated and apomor phine-treated animals was not significantly differ ent (Table 1) .
Local Cerebral Glucose Utilization
The administration of apomorphine failed to alter significantly the rate of glucose utilization in 26 of the 36 regions investigated (Table 2, Fig. 1 ). In eight regions (frontal and sensory-motor cortices, ventral thalamus, caudate nucleus, globus pallidus, sub thalamic nucleus, substantia nigra, and cerebellar cortex), the rate of glucose utilization in apomor phine-treated animals was significantly greater than in animals that had received saline (Fig. 2 ). In two regions (anterior cingulate cortex and lateral haben- Data are presented as mean ± SE for 6 animals (saline) or 5 animals (apomorphine). Glucose utilization, /Lmol 100 g-l min-I; blood flow, ml 100 g-l min-I. ular nucleus), the administration of apomorphine resulted in significant reductions in the rate of glu cose utilization ( Fig. 3) .
which apomorphine increased glucose utilization, significant increases in local CBF were observed following apomorphine administration (Table 2 ). In anterior cingulate cortex and lateral habenular nu cleus, reductions in local blood flow were noted in animals that had received apomorphine.
Local Cerebral Blood Flow
Apomorphine administration did not alter signifi cantly the level of CBF in 26 of the 36 regions ex amined, and these areas corresponded exactly with the regions that failed to display significant alter ations in glucose use with the same dose of this dopaminergic agonist. In the same eight regions in
Relationship Between Local Blood Flow and Local Glucose Utilization
In conscious rats, the local levels of blood flow and glucose utilization display the same regional hierarchies, with the highest levels of each being observed in primary auditory areas, intermediate values in the cerebral cortex, thalamus, and hip pocampus, and lowest levels in regions of white matter ( Table 2 ). The level of blood flow (in units of ml 100 g-l ) was approximately 1. 5 times the level of glucose utilization (in units of M-mol 100 g-lmin-1 ). Although in most regions the ratio of flow to glu cose utilization is close to this value (Figs. 4 and 5) the possibility of inter-regional differences in the magnitude of this parameter was assessed using the approach outlined in Section 4(ii) of the Ap pendix. For the test based on the equal correlation model, there is evidence of interregional differences in the value of the flow:glucose use ratio (p < 0. 0 1). However, using the more conservative test of Green house and Geisser (Winer, 197 1) , the test just fails to meet the control value for p = 0.05. With these data, at least, the case for unequal values of the ratio would seem not to have been established con clusively. There is some empirical evidence that the Greenhouse and Geisser test may be extremely con servative (Winer, 197 1) ; therefore, the suggestion is that a larger body of data may well establish hetero geneity of the flow:glucose use ratio. Uncorrected t tests were employed to provide some indication of regions in which differences in the ratio of CBF and glucose use may exist and, using this approach, the ratio of blood flow to glucose use in the auditory cortex, septal nucleus, and subthalamic nucleus is significantly (p < 0.0 1) greater than the average val ue for all regions, and in the globus pallidus, inferior coIIiculus, and corpus callosum, significantly smaller than the average value. The effect of apomorphine on the overall re lationship of blood flow to glucose utilization throughout the CNS was examined, using the pro cedures described in Section 4(i) of the Appendix. Following the administration of apomorphine, a re lationship exists between local CBF and glucose utilization (see Fig. 5 ), and the quantitative nature of the relationship did not differ significantly from that observed in saline-treated control animals (p > 0.78, using the approach of Section 4(i) of the Ap pendix).
Since the significant effects of apomorphine on flow and glucose use were restricted to a limited number of brain areas (Table 2) , the possibility exists that, by analyzing the relationship between flow and glucose use (taking all regions together), local alterations in the coupling between flow and glucose use in a restricted number of regions may have passed unobserved. In effect, the question being tested is whether the proportionately greater increase (5 1%) in blood flow in sensory-motor cor tex differs significantly from the increase in glucose use in this region (28%) when the region is consid ered alone. However, the relationship between blood flow and glucose use was not altered signifi cantly (p > 0.2) following apomorphine in any indi vidual region. Moreover, we could not identify any subpopulation of regions (defined on neuroanatomi cal or functional criteria or on the basis of density of dopaminergic receptors, or the magnitude or statis tical significance of the alteration in blood flow or glucose use) in which the relationship between local blood flow and glucose utilization was altered sig nificantly by apomorphine administration.
DISCUSSION
Dopaminergic Influences on Cerebral Tissue Perfusion
The administration of apomorphine resulted in focal alterations in cerebral glucose utilization in a limited number of brain areas, and in each of these J Cereb Blood Flow Metabol, Vol. 2, No.4, 1982 regions, quantitatively and qualitatively similar al terations in local CBF were observed with this agent in parallel investigations. Aerobic catabolism of glucose constitutes the primary energy-gen erating metabolic process in cerebral tissue (Soko loff et aI., 1977; Siesjo, 1978) . As a consequence of the close coupling that exists between functional events and energy demand (Sokoloff, 198 1) , the autoradiographic 14C-deoxyglucose technique has been employed previously in a number of studies to examine the response of the CNS to manipulation of dopaminergic receptor mechanisms with apo morphine (Brown and Wolfson, 1978; McCulloch et aI., 1979 McCulloch et aI., , 1980a McCulloch and Kelly, 198 1) . The distribution of the alterations in local glucose utilization following apomorphine appears to re flect not simply the known topography of dopa minergic receptors in the CNS, but rather the func tional involvement of regions (which often have major primary and secondary neural connections with areas rich in dopaminergic receptors) in the overall response of the CNS to apomorphine. (For detailed discussion of the significance of the 2- deoxyglucose results from the viewpoint of func tional mapping, see McCulloch et al. ( , 1980a , McCulloch and Kelly (198 1), and McCul loch (1982) .) These previous investigations provide not only a more comprehensive description of the metabolic response to apomorphine, but also evi dence (particularly the log-dose relationships and the blockade of the changes by low concentrations of the dopaminergic antagonist haloperidol) of the crucial involvement of dopaminergic receptor mechanisms in the alterations of glucose utilization, such as we have observed in the present studies. The observations in this report contribute to our understanding of the influence of dopaminergic systems in three major respects. First, in contrast to previous studies of the effects of apomorphine on CBF (von Essen and Roos, 1974; McCulloch and Harper, 1977b; McCulloch and Teasdale, 1979) , the present studies were conducted in conscious animals. It is noteworthy that general anesthesia is recognized to have marked effects upon global blood flow and metabolism (Siesj6, 1978) . More over, some anesthetics not only produce regional ly heterogeneous uncoupling of local flow and glu cose use (Mies et aI., 198 1) , but also dramatically alter the response of local utilization to apomor phine (Grome and McCulloch, 198 1) . Second, these experiments have revealed more fully the heteroge neous nature of the cerebral circulatory response to apomorphine and emphasize the need for precise neuroanatomical localization of alterations of blood flow changes when dopaminergic receptors are being manipulated. For example, in adjacent areas of cerebral cortex, apomorphine increased blood flow (sensory-motor cortex), decreased blood flow (cingulate cortex), and failed to alter blood flow (posterior parietal cortex). Third, and perhaps the most important element in the present investigation, is the clear demonstration that, in all regions of the CNS, the alterations in local blood flow following apomorphine, whether an increase or a decrease, were paralleled both in respect to magnitude and direction by a concomitant alteration in local glu cose utilization. Thus, in spite of the presence of vasomotor receptors for apomorphine on cerebral arteries and arterioles (Edvinsson et aI., 1978a,b) and concentration of apomorphine in the CNS fol lowing its systemic administration (Kebabian, 1978) , which are similar to the concentration pro ducing half-maximal effects (ED50) of the cere brovascular dilatation (Edvinsson et aI., 1978a,b) , the cerebral circulatory effects of this agent in the intact animal appear to result principally from local metabolic alteration within the cerebral paren chyma.
A number of important aspects of the influence of dopaminergic systems on the cerebral circulation are unclear at present. The precise circumstances in which activation of the specific dopaminergic vas omotor receptors occurs and leads to alterations in tissue perfusion, independent of any metabolic linked effects, remain to be elucidated. Direct ef fects of dopamine and dopaminergic agonists have provoked speculation ranging from their causal in volvement in cerebrovascular pathology (Wurtman and Zervas, 1974; White et aI. , 1976) to providing a potential therapeutic avenue in similar conditions (Boullin et aI., 1977; Forster and Whalley, 1981) . In addition, the influence of the intracerebral dopa minergic systems on CBF remains to be clearly established, for, although stereotaxic lesions of dopaminergic systems have little effect on basal levels of blood flow or the response to induced hypercapnia (Dahlgren, 1981) , lesions of dopamin ergic systems may modify the cerebral circulatory response to amphetamine without disturbing glu cose utilization (Lindvall et aI., 1981) .
Analysis of the Coupling Between Local Blood Flow and Glucose Utilization
Since the investigations of Roy and Sherrington (1890) , it has been generally accepted that the level of cerebral tissue perfusion is adjusted to meet the energetic requirements of cerebral tissue (see Siesjo (1978) , and Kuschinsky and Wahl (1978) for re views). As the energetic demands of cerebral tissue are derived almost exclusively from the aerobic oxidation of glucose, alterations in CBF are accom panied by parallel alterations in cerebral oxygen and glucose utilization in a large number of conditions (Kuschinsky and Wahl, 1978; Siesjo, 1978) ; the mechanism by which CBF is coupled to oxygen and glucose use remains poorly understood. The advent of the quantitative au to radiographic 2-deoxyglucose method for determining local cerebral glucose utili zation (Sokoloff et aI., 1977) has provided the tech nical capacity, when employed in conjunction with the complementary technique for assessing local CBF (Sakurada et aI., 1978) , for direct examination of the relationship between CBF and glucose utili zation in all neuroanatomical components of the CNS (Sokoloff, 1981) . While these two autoradiog raphically based techniques (Sokoloff et aI. , 1977; Sakurada et aI., 1978) offer considerable potential for exploration of the relationship between local blood flow and metabolic demands, the analysis of the data has often been naive and lacking in statisti cal rigour (e. g., Des Rosiers et al,. 1974; Sokoloff, 1977; Kuschinsky et aI., 1981; Ohata et aI. , 1981) (see note 1 in Appendix). Since autoradiographic investigations of glucose use and blood flow, either in parallel groups (as in the present studies) or with double labelling approaches in the same animals (Lear et aI. , 1981; Mies et aI. , 1981) , seem likely to remain a major area of cerebrovascular research in the future, the statistical procedures described in the Appendix form the basis for critical examination of the relationship between local blood supply and metabolic activity. Thus, the approaches described in Section 4(i) of the Appendix permit rigorous statistical analysis of conditions in which the cou pling of blood flow and glucose utilization is main tained throughout the CNS, but in which the ratio of local flow to local glucose use is altered, i.e., such as occurs putatively in metabolic acidosis (Kus chinsky et aI. , 1981) , following indomethacin ad ministration (Pickard et ai., 1981) , or in aging (Ohata et aI. , 1981) . The statistical procedures out lined in Section 4(iii) of the Appendix provide a means of identifying regions in which the coupling between flow and glucose use has been selectively disturbed, such as occurs in many pathological con ditions, e.g., seizures (Celik et ai. , 1981; Collins et aI. , 1981; Ingvar and Siesjo, 1981) , in brain tumors (Blasberg et aI., 1981; Mies et aI., 1981) , and in spreading cortical depression (Mies et aI. , 1981) .
The level of local glucose use bears an almost constant relationship to local CBF, and the mag nitude of the ratio of these two parameters (i.e., 1.5 ml of blood per /Lmol of glucose) is similar to that determined for the whole brain of anesthetized rats, using either a modified Kety-Schmidt technique 0. 3 ml /Lmol-1 ) (Norberg and Siesjo, 1974) or a rapid intravenous tracer approach 0. 4 ml /Lmol-1 ) (Gjedde et aI. , 1981) . By applying the statistical ap proach described in Section 4(ii) of the Appendix, there was some evidence that in the conscious, well-nourished rat, significant, though small, inter regional differences in the ratio of flow and glucose use exist. However, this conclusion must remain tentative at the present time, since the differences in the ratio of blood flow to glucose use just failed to achieve significance using the extremely conserva tive approach of Greenhouse and Geisser (Winer, 1971) . The relationship between local CBF and local glucose use (using data obtained from autoradio-graphic-based techniques) has been analysed hither to almost invariably by linear regression analysis and evaluation of the derived correlation coeffi cients (e.g., Des Rosiers et aI., 1974; Sokoloff, 1977; Kuschinsky et aI., 198 1; Ohata et aI., 198 1; Pickard et aI., 198 1) . These approaches are open to severe criticism on statistical grounds. A fundamental as sumption of previous statistical methods is that ob servations on different regions of the brain (as dis played in Fig. 4 ) are statistically independent. Since observations are repeated on multiple regions of all animals in the experiments, this is unlikely to be the case. Moreover, the use of only the average values for each region in the analysis conceals the vari ability between animals and, in consequence, the real uncertainty about the relationship between glucose utilisation and CBF is much greater than the regression analysis would suggest.
The lack of independence of observations on dif ferent regions also means that the usual significance tests on correlation coefficients will be inappropri ate. In fact, it is possible to question the interpreta tion of the correlation coefficient in this situation. Strictly speaking, given that we know the regions on which observations are being taken, the observa tions on CBF and glucose utilisation are statistically independent. The relationship, which can be seen in Fig. 4 , is one between average CBF and average glucose utilisation in different regions. Since these regions cannot in any way be regarded as a random sample from any population, the correlation coeffi cient is not really the appropriate measure for studying this form of relationship.
Proposed Model and Discussion
What is required for the analysis of data of this type is a model that will permit the investigation of the relationship between average CBF and average glucose utilisation (GU) levels in different regions and that will take into account the correlation be tween observations on the same animal. An impor tant practical aspect is that the model should be simple enough to permit an analysis given the usu ally limited amount of data in this type of experi ment. At the same time, we must be cautious that apparently statistically significant differences do not result from an over-simplified statistical model. Figure 4 is a plot of average CBF against average GU for 36 structures in the brain. The plot suggests that a model in which GU is proportional to CBF will be appropriate.
That is, ignoring sources of variation,
where 13 is the constant of proportionality. Taking logarithms of Eq. 1, we have:
where a = 10ge(f3). A plot of 10ge(CBF) against 10ge(GU) should be linear with unit slope (see Fig. 5 for confirmation that this is, in fact, so). The valid ity of Eq. 2 has been examined in Section 4(ii) of this Appendix. The statistical analysis of data of this type is greatly simplified by working with logged data and, it will be argued, the assumptions in the proposed statistical model are more appropriate.
The Model
(i)
where h = 1, 2 (denoting treatment (1) and control (2)), i = 1, 2 (denoting loge(CBF) and loge(GU)),j = 1, ... ,J (denoting region), k = 1, ... , Khi (denoting animal within observation type category (h,i)), and Khi is the number of animals in category (h,i).
(ii) fLh i j denotes the average level for regionj in ob servation type category (h, i), Q k(h iJ denotes the animal effect, and Eijk denotes the background vari ability.
The inclusion of the animal effect in the model and the use of logged data represent the major im provements on the type of model implicit in previ ous analyses. The animal effect, Q k(h ;Jo implies a constant correlation between observations on dif ferent regions. This obviously cannot represent re ality exactly. However, it might be hoped that the animal effect represents a major part of the correla tion structure and, hence, that the proposed model will be a good working approximation. It should be emphasised that, although investigation of the full correlation structure between different regions would be of interest, this would require that data be collected on a very large number of animals, whereas the usual number of animals in each obser vation type category is of the order of six in this experiment. When statistical tests are discussed in Section 4, alternative tests will be described that do not require the assumption of equal correlations. It should be noted, however, that these tests may be extremely conservative if the constant correlation model is a good approximation of reality.
(iii) ak(hiJ � N(0,72), EhUk � N(0,(T2), with ak(hiJ independent of Ehiik' N(0,(T2) denotes the normal distribution with mean (0) and variance «T2).
It is assumed here that there is constant variance between animals (72) and within animals «T2) inde pendently of the type of observation being studied and the size of the ILhi;'
The first assumption may, at first, seem rather strange, since we are working with measurements (GU and CBF) in different units. However, our naive model says that CBF is directly proportional to G U, and if this relationship holds up approxi mately, we would expect that the variance of 10ge(CBF) will be comparable to that for 10ge(GU) independent of the units used to measure each vari able. Empirical studies have suggested that this as sumption is reasonably valid. In tests of the type that will be described in Section 4, the assumption of exact equality of variances is not usually consid ered to be critical unless the underlying variances are substantially different (see Scheffe (1959) for a discussion of this topic).
Practical considerations suggest that numerically larger observations will be more variable than smaller ones. Working with logged data often helps to alleviate this problem of heteroscedasticity. If the above model is accepted, then statistical methods can be derived readily to investigate the various questions of biological interest. In fact, these ques tions can generally be stated in terms of the ILh u ' s in the proposed model.
Parameters of Interest and Their Estimation
It will be useful to reparameterise the ILhij' s as follows:
The a hj ' S correspond to the difference between average 10ge(CBF) and average 10ge(GU). The vari ous questions of biological interest may be ex pressed in terms of these parameters.
(i) It may be the case that we can assume that CBF and GU are in constant proportion independent of region. This will correspond to: If the effect of the treatment is of interest, then we should study a1 -a 2 ' Even if it can be con cluded the a h /s are not all equal, it may still be reasonable to compare these parameters with the interpretation of (a1 -( 2 ) as a general trend in the effect of the treatment.
(ii) We may wish to test the assumption that CBF and GU are in constant proportion. Here it will be of interest to test the hypothesis that:
From the above, we see that the parameters of primary interest are: ahj (h = 1, 2; j = 1, . . . , J), and ah (h = 1, 2).
These are readily estimated by (with ' denoting a parameter estimate):
(3)
where Xhii, = I k x"w.. !K"i> and Xhi, , = I j,k XhiikIJKhi' Separate estimators for (T2 and 72 can be derived for each combination of (h,i): These estimates can be pooled to give global es timators as required. For instance, if we wished to pool over all (h,i), we would have: 6-2 = I (Xh iik -Xliii, -Xhi,k + XIIi. , )21 h,i,j,k (J -1) (K ll + K1 2
The denominators in the formulae above are the degrees of freedom associated with the corre sponding estimators. A separate estimate for 72 can be obtained by combining Eq. 7 and Eq, 8 above. It should be noted that under model assumption (iii) above, the estimators 6-2 and Ji2 + 6-2 will be statis tically independent with standard probability dis tributions. However, combinations of these esti mates will not have easily derivable distributions.
Statistical Tests
(i) Treatment -Control Comparison
As was mentioned above, this comparison can be carried out by investigating al -a 2 ' The ah's can be estimated as in Eq. 4 above. The estimated standard error for (al -( 2 ) is:
]7 2 + 6-2 is given in Eq. 8 and the degrees of freedom associated with the t test of al = a 2 are those as sociated with ]7 2 + 0-2 • This test will not be affected by the assumption of equal correlations between observations on differ ent regions.
(ii) Test of the Homogeneity of the Ratio of CBF to GU Among Regions
As stated above, this is equivalent to testing the hypothesis ahl = ah 2 = ... = a".!. This test would usually be carried out separately on the treatment or control data. The examination of the control data in this manner provides confirmation of the validity of the underlying statistical model that we have utilised (i. e., Eq. 2).
The appropriate test statistic is
This statistic should be compared with an appropri ate value from an F[J -1, (J -1) ( K "l + K h 2 -2)] distribution.
It is important to treat the results of this test ex tremely cautiously. Since J will often be large, this test will be sensitive to small differences in the a,, /s and a statistically significant result may not indicate differences of practical importance. Possibly, small differences in ahj' S could result as an artefact of the method of measurement. So, even if this test is sig nificant, it may be sensible to use a" to denote an average shift in the measurements as long as the a,, /s do not differ too much. An alternative proce dure described by Greenhouse and Geisser (see Winer (197 1 » is to compare the test statistic with an F[l, ( K " I + K h 2 -2)] distribution. This approach does not assume equal correlations, but may be very conservative if the equal correlation assump tion is approximately correct.
(iii) Identification of regions in which the CBF-GU Coupling is Selectively Altered by a Treatment
The basic idea behind the methodology described here is simple. A region for which the coupling be tween CBP and GU breaks down should produce an unusual value for ali' A range of "likely values of the au's can be produced based on the control data and any au falling outside this range can be iden tified as potentially corresponding to a region where the coupling has broken.
It is worth considering two situations: (a) No evidence of heterogeneity of the ratio of CBF to au among control regions. A normal range of au's will be of the form:
& 2 ± W [var( & 2 ) + var(a 1 j)] 1 /2 , where var( & 2 ) = ! ( _ 1 _ + _ 1 _ )(]7 2 + 0-2 ), and J K2 1 K22
(b) Heterogeneity of the ratio of CBF to au among control regions. In this case, we have evi dence of unequal a"j values even under the control conditions. Whether these differences are an ar tefact of the measurement process or otherwise, it would seem to be important to take this into ac count when looking for regions that have been selectively affected by a treatment. To do this, we compare the au's with the a�'s.
A normal range for the au's will be: a 2 .i ± W [var(a 2 j) + var(au)] 1 /2 , and var(a"j) = ( _ 1 _ + _ 1 _ )(7 2 + 0-2 ) K hl K " 2
In both situations (a) and (b), we must choose an appropriate constant W. The widths of the normal ranges depend on linear combinations of 6-2 and ( J!j-2 + 0-2 ), and as mentioned before, this makes it dif ficult to make exact probability statements. How ever, a useful rule of thumb would be to take W = 3, and this should mean that the probability of mis classifying a normal region as abnormal should be approximately 0.0 1. If regions in which uncoupling of blood flow and glucose use occurs can be named a priori (e.g., on the basis of neuropathology), then there should be no difficulty with the above proce dure. However, if such regions are not known in advance and a large number of regions are to be examined, then there is a possibility of identifying a number of unusual au's when none, in fact, exist. To protect against this outcome, it would be advis able to carry out the test in 4(ii) initially. A graphical procedure that might be useful in this situation is to plot the au's on normal probability paper (see Box et at. (1978) for a description of this procedure) and only pick out au's that deviate from the straight-line relationship.
S. Calculations
The analysis proposed is analogous to that of a repeated measure analysis of variance. Formulae have been given above so that calculations may be carried out by hand. For those with access to a computer it may be of interest that the calculations could be carried using the BMDP program P2V (1979), treating flow -glucose as the levels of the grouping variable and the different regions as the trial factor.
